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Introduction

Psnetrating particles in_extensive atumospheric ehowers were first revealed

by Auger and his co-workers @ Hillberry /2/, Wetaghin and co-workers [37,
Rogozirskiy /k/, Hillberry and Regener /5/, and others further confirmed the
existence, in the air, of correlated penetrating particles of cosmic showers.
Data of many research workers [5, 17 before 1946 indicated the existence of
certain separate types of showers, namely, extensive electron and photon at-
mospheric showers of cascade origin (possibly with a small admixturs of mese-

ons), narrov penetrating showers presumably of & mestd neture, and extensive chow-
ere compossd of penetrating particles possibly accompenied by soft rarticles.

However,- the experimental material was tuo meager to prove the exlstence
of two types of extensive showers, although narrow atmospheric showers appar-
ently exist as & special well-established type of shower E.

. RBxtensive showers containing penetrating perticles (we <ba.l in the fu-

’ ture call such showsrs "penetrating”) required more study concerning their
structure, i.e., their "geometry" and composition. To thie end a great many
experiments “iere conducted in 1945 st 3,860 meters by Bell, Birger, and
Veksler E . The equiyment employed consisted of three groups of horizontal
proportional counters and a proportional emplifier of triple coincidences.
Measurements were taken with lead {10 centimeters) and without lead over two low
groups of counters dispoeed ono above the other.
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The resul*. of this work may be brieily summed up as follows: )

: 1. Distribution curves of pulse megnltudes in the proportional teleacope
(composed of three vertically dieposed groups of proportional counters) proved ’ i
to be similar when measured with lead {penstrating showers) or without lead '
over the respective chambers.

2. ‘The dependence of coincidence frequency upon the distance betwsen one
of the groups of counters and the axis of the two remaining groups was identical
in maasg'e'mante both with 10 centimeters of lead and without lesad.

] %. For the most part narrcv showers, measured both with and without lead,
N were nol dense., Dense ghowers, however, appeared to be extenslive, 1.e., their
number depsnded only.slightly upon the distance between the chsmbers with counters. -

The meximum distence in these sxperimentie wae 1.25 meters.

These resulte showsd that soft and hard shcvers behaved similarly up to

1.25 meters. Thus, they. i:d1nated & genstic connection between soft and hard
S shovers and slso showed that the radius of dense pepetrating showers wae ap- e . :
. parently considerably greater then ons meter. ) . ' g

Hence, it sesmed desirable to comtinue experiments at greater dlstancsse S o v
for further study of the structure of pelatrating showers. Especisrlly desir- .. - ; ' ‘
able were further studies of the relsticn between soft and penetrating show-- |
ers and, as far as possible, the dlecovery of the nature of hard particlas,
which are useful in making measursments with leed.

Mathod of Measurement

In this work we varied the method of measurement somevhat.

The equipment employed coneisted of two proportional telescopes, each com-
poesd of two groups of horizontal proportional counters, T (Figure 1). PBach
group of counters was composed of three counter:s interconnected in parallel
with a total vorking epace of 450 cubic centimeters. The distance between the
chembers of the telescope was 41.5 centimetera.

The working capacity, dimensione end characteristics of the horizontal
proportional counters employed 41d not differ from those of previously described
counters . From & structural standpoint, hovever, the two types of counters
wvers essentially different. The counter cathodes used in thie work were made of
copper tubing one millime*er thick. The counters were sealed airtight by sol-
dering emall glass tubes to the ends of the cathodes inetead of ueing sbonite
corks. This considerably increassd mechanicel stability and resistance to tem-
perature in the counters. Since the latter were not subjected to a special
vacuum process, we introduced metallic sodium into them to keep the operating
ges pure. The working volume was 25 centimeters long, 2 centimeters high and

6 centimeters wide. The counters were filled with high-purity argon up to a
pressure of T4 centimeters of mercury.

High pressure was supplied seperately to each of the 12 counters used i
the installation, which made it possible to select and meintain the required
intensification in eacnh counter seperately. The total "background* of each
group (composed of three counters) was controlled on & conversion eystem; in
cape of deviation from the specified velue, the backgiround in sach counter
was chescked sepsrately, Further, the freauency sf doudble coincidencee in
each telescops wae measured contlnuously.
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io iegistei'the pulBes 1rom' Lbe melers, iuo auplililers oi double colnci-
donca, A1 and Ap (Figure 1j. were used. Fnch amplifisr registered the double

“f \ coincidences on a separate counting mechine, Tp. ALl four branches of ths A ~
v ] amplifiers vere identical and contained thke three stages of initial amplifier ‘ i '
e . and a multividratcr. The latter served to create & sensitivity threshold for i ':_ Er

the syetem. The sensitlvoity of each branch was varied by varying the ampli-
fication of the system or (in cases of a smell variation in ssnsitivity) by
varying the ges pressure of the countere. Selectlon of the pulee coincidences
from the multivibrmtors in sach amplifier was made by the ususl selective lemp
method., The determining capacity of each of the amplifiers was 1:&5:5 - 10~
seconds. By means of a separate block, M, coincidences of louble coincidences
from esuch of the amplifiers were registered, i.e., fourfold coincidences were
registered.

A method first suggested by Alikhsnov, Alixhanyan, and Nikitin 1397 was
used to graduate tha <xaci. senaitivity of each telescope, 1.e., to determine y ) e :
the minimum number of fast particles, Dpip, {for a given sensitivity) that ‘:»'\f EERLA T KT O
oparetes amplifiers of double coincidsnce. 1The frequency of doubls coincl-~ e i '
dence in the telescope was meesured Tirst (with i2 centimetere of leed be-
tween the chembers and 7 centimeters on eech side of the lower chamber) as
& functiop of sensitivity in the counters. The semsitivity of the counter
. wes defined with sufficient accuracy for our purposes by its backgroungd.

S ) The curve obtained for fraquency of 3ouble coincidences 'in the telescope
'“ versus background in the counters is shewn in Figuws 2 identical grounds :
vere selected for all counters). O

Chance double colncidences, which were an important factor when the back-
grounds were large, were taken into account. The plateau of the double coin-
cidence curve thus obtained indicated that 8ll the particies of a hard compo-
nent were reglstered.

The fluctuation curve of ionization losses salculated by Landau [il7
assured us that, when particles of given energy paseed through a specific
thicknese of matter (in cur case through the gas of the counter), only 70
percent of all particles had loeses gremter than tle most probable loss.

Thus, o@ly 50 percent of all the particles of tke hard component lost si-
multaneously, in both countsr groups, energy greatver than, or equal to, the
most probable lose; consequently, the frequsncy of double coincidences in
the telescope at the threshold corresponding to the most probatle ionlzation
of a fast particle was half the frequency of doubie coincidences from every
hard component or, to state it differently, half the frequency of double
coincidences corresponding to the plateau of the curve ip Figure 2. Hence,
if we take the most probable ionization of a fast particle provisionally a&s
unity, the background in the counters corresponding to the frequency of double
coincidences will be equal to half the coincidence frequency of the plateau
(point U in Figure 2) and will correspond to the sensitivity of registration
of one or more fast particles passing through the teleacope. Now if we change
the amplification by a known number of times, then the abeolute eemsitivity of
the teleescope can be determined with various cowmter grounde or, what is ea-
sentially the same thing, with a different trequency of double ccincidences =
with each telescope. Let us apply the gradustion method described only to
the passage through the counter of particles of ccmpletely determined energy.
Actually, however, because the energy spectrum of hard component particles
was continuous, the graduation obtained refsrred tc some “average” fest par-
ticle., Uniformity in the tracks of all particles in countere was the most
) easential ueed in our methcd of graduation. Due to the use of horizontal
R counters, the maximum scattering of the tracks probably did not exceed 20

. percent, In fact, the scattering of the tracke influenced the accuracy of

the measuramerts considerably leess than this ewount.
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Finally, in greduation by the above method, tbe Average ‘lonl:iaticn of each
of & large number of simultanecusly lonizing particiss must be considered con-
piderably larger than the probable ionization of wach of them separately.

Regults of Messsurements

All experiments wers conducted in smail plywood houses lined inslde with
felting for thermal insulation. The houses were in the open.. All - cbservatione
were carried out at 3,860 meters. :

The arrangement of the countera is shova in Flgure 1. Screensd boxes with

countere were placed on a wooden table one meter from the ground. For measure-
mente made with lead, thers were 12 centimeters of lead over the lower box and
7 centimeters of lead on the sideas. )

Special meanurements were made to racord the fregquancy of fourifold coinci-
dances for three different sensitivities at distances D = 0.5, 2.0 and 5.0 me-
ters between the axes of the tslescopes. For one of the sensltivities corres-
ponding to the passsge of three particles, momaurementa wers made of the fre-
quency of fourfold coincidences with & telescopic dispoeition of all four coun-
ter groups. These meesurements were made'at the former distance between the
outer boxes of counters (U1.5 centimetera) and without lead. The results ob-
talned are given in Teble 1. Measurements made without ‘ead betveen the chem-
bers of the telescope are . designated by FPb,, messurements made with lead in .
only one of the telescopes are deslgnated by Pb, end with lead in botn tele-
scopes, by Pbo. Sensitivity is expre3sed as the winimum shower density Pm'\
capable of opereting the system. All errors were statistlcal (chance errors).

In Figire 3 the distribution curves represent the magnitude of the showers;
curves measured without leed are shown ss a dotted curve, and those with lead
in both telescopgs a8 an unbroken curwve. ‘The curve for D = 2.0 meters, ob-
tained when there was lead in both telescopes; 1s not shown, as it was very
closs to the curve for D = 0.5 meter.) After recalculation, th_ reeults in
this diagrem represented those cbtained by Zateepin ard Eydus ﬁg7 at the same
height (3,860 meters) by measuring sixfold coincldences In a eystem composed
of Gulger "hlgh-epeed” counters, disposed in he angles of a rectilinear hex-
agon, witk & distauce between the opposite sides of 1.25 meters. The lover
curve, according tc these authcre, vas obtained by covering each of the six
counters with 1% -centimeter lesd on top and 7-centimeter lead on the sldes.

In Figure %, the curves measured by us describe the frequency of four-
fold coincidencee %) 4 versus the distance D between the axes of the tele-
ccopes for three different sensitivities, and measured with and without lsad
in both telescopes.

The table evidently proves that all curves for lead in one telescops (Pb1)
are like the curves in Figures 3 and L.

Discussion of Results

1. Atmospheric Showers Measured Withcut lead

Ae may be seen fram N¥igure 3, the distribution curves of megnitude for
both hard showers (lead in both telescopes) and showers measured without lead
have identical shapes for all three distances, namely 0.5, 2.0 and 9.0 meters.
This fact demonetrates thet coincidences were ceused by the same type of shower
for all these distances. Moreover, comparison with the Zatsepin-Eydus curve
showed that, for showers of low density, the number of showers measured by our
apparatus vee considerably less than the number of showers measured by the
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Gelger counters. #ctually, however, this 4discrepamcy may be conasidered only
epparent, since the data from the Gelger couatere was calculated taking into
account the fluctuations in the particie density of the shower, In our appa-
ratus, deunsity fluctuations, like ionlzation fluctuations, registered strongly
‘and led to comsideradble errcor in counting lov-density showers.

Calculatione made by us ectually showed thst the discrepancy obssrved
could be explained setisfactorily by fluctuetions in the depsity and ionlzatiom
of shower particles., ' On the other hand, when a large number of particles hit
each group of counters, density fluctusticns had no Influence and ionization
fluctuations were eesily calculated (if the ratio of average ionization to the
most probable ionization is lmown). Such a case mey be treated with sufficient
accuracy when nine particles fall on the counter box. In thnis case (Pr=200 ~3y,
ae may be seer from Figure 3, both methods actually agreed as to their results.
This indicatee thet the method w¢ applled in measuring dense atmospheric showsra
registered precisely their particle Gemsity. Particularly, if there wore heavy
particles in extenslve atmospheric showers, their walue by our method of record-
ing would not be great, while in the contrary case the coincldence frequency
measured by our installetion would conelderably exceed the readinge of the Gei-
ger counter system. ¥Even in this case the results cbtained naturslly did not
exclude the poesibility thet heavy particlee could be an Important factor in
some other eiperimentel setup for recording showera, e.g., ionlzed particles
undoubtedly were an important factor in Lewis' experimente ﬁﬂ

Turning to Figure k, we note the similarity of ail three curvas de-
scribing colncidence frequency versus distaunce, =/ U4(D), for all three den-
gities. Furthermore, for all three sensitivities the coincidence frequency
decreased very little with distance. This fact must be especially noted in
the case of low-deneity showers.

It was shown ocarlier both by us @7 anl by Alikhanyan and Asatieni
ﬁﬂ that narrow atmospheric showers were for the most part not demse. Our
resulte showed that the density of narrow showers of radius 0,5 to 1.0 meter
muet be lese than about € = 35m-2.

Comparison of our curve for '\,\-l&(D) with the thoreticel curve ob-
tained from the cascade .aeory, which takes Intc consideration the scatter-
ing of shower particles, was of considerable interest (eapeclelly in connec-
tion with Lewvis' experiments 537 on the study of atmospheric showers by the
jonization chember methcd). Calculaticns were made with the theoretical for-
mules of Belen'kiy ﬁﬂ, which took into ccnaideration the ionization losses
of cascade electrons. The function -\)(D) «“as calculated by the method first
applied by H. Buler ﬁ§7 The distribution function of particles was em-

ployed by us in the form
P‘Po . g-(2-8) o- «R

vhere P is the shower density at distance R fror the axis, (Oo is & parameter
dependent on the energy of the primary particle, = is a parameter in the cas-
cade theory, and ¢ is & constant. The integrali distribution (spectrum) of
primary electrons was given the usual form:

() = H - mo L8
vhere H 1s some constant.

The theoretical curve for a shower of demaity > 200m™2 is not

shovn in Figure U since it agreed ao wall with the corrasponding experi-
mertal curve, {If the theoretical curve fit. ihe experimental curve at
the point D = 0.5 :er, the usually acceptu. velue of H must be increased
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3.7 times, a8 was proved.) Thue the experimental resulta, according to Auger

showers, -gave an entlirely satisfactory explanation «f the cascade theory pro- APTRRE .
ceeding from the nypothesis that all scattevrimg ~f ehower particles 1s depend- B

ent exclusively on multiple Rutherford acattering. . ’ v ”_L

2, Penetrating Atmospheric Showers

As may be seen from Figure 3, in the csse of penevrating showers, un-
like showerse measurad without lead, the caoinciience frequency was two to three
timee larger than the tfrequency measured by o system composed of Gelger coun-
tera under lead, in spite of the fact that for lov densities the fluctuations
could, as previously, greatly reduce the numher of shovers measured by & pro-
portional epparstue. Thie differency Indicated that the colncidences observed
under lead were probebly not caused by the simple passsge of fast particles
through lead, but that the particlee responsible for the colncidences caused
the formation of penetrating perticles ir the iead itaelf,

We obtained additionsl proof refuting the essumption that atmospheric
showers composed of penetreting particles were subJject only to lonization losses
in lead. Thus, such showers should cause us to expect (at least withk apparatus
of lov seneitivity) that the number of showers measured when there was a lead
compartment in one of the telescopes should equal with sufficient accuracy the
number of showers measured vhan there was ieal in both tslescopes., But & lead
compartment in one of the teleacopes "picked oun" the hard showers of a given
density. As may be sesen from the table, a leud compartment in the firat tele-
cope reduced the frequency of fourfold coincldences .tc approximately one third,
but moving the lead into the second telescope caused a dlminution, generally
speaking, of the same order {about ome half,  Just euch an effect should be
expected of a lsad plate if the formation of particies responsible for coingi-
dences under lead prcceeded with a certaiu probability in each layer.

Let us also note the following experiment. With a distence D = 2 me--
ters and a sensitivity corresponding to fﬁg;: 70m-2, the thickmese of the lead
layer during the measurement of penetrating showers was increased from 12 to
16 centimeters. It was found thet the colncidence freguency decreased accord-
ingly from 2.4 3 0.4 coincidences per hour to 1 % 0.2 colncidences per hour,
i.e., to lees than half. This abscrption exceeded that which might be ex-
pected for atmospheric shovers cocmposed c¢f mesaona,

As may be seen from Figwre U4, the curves of colncidence frequency ver-
sue distance are quite similar for shovers meagured without lead and for pene-
trating showers. This confirmed the resuits [B/ previously obtained and demon-
strated not only that for distances up to 9.0 meters Auger sh~wers and hard
shovere were not eimilarly distributed according to densitles but also that
the particles in them, in spite of differencss in their penetrating ability,
wore l1dentically distributed. .

These facts indicated a genetic connection betwedn soft and hard ex-
tensive atmospheric showere (at least for showers passing through 12 centime-
ters of lead). According to our experimenta, snovers compossd of penstrating
particles must be accompanled by & large nuwber of aci'ter particlea.

The data adduced by us argued against assuming not only tne existence
of a separste atmospheric type of penetrating {meson) shower dut also the pres-
ence of a considorable number of mesons ‘n Auger shcwers. On the other hand,
our data pointed to a genctic connection between the penetrating sbowers ob-
cerved by us and ordinary Auger showers.

It may be thought that the electroms cf Auger showsrs themselves pase

through leed. Calculeticne made by ue according to the cascade theory, however,
argued againet such a hypothesis. We have taken the cascade formulas obtained
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by Ealen’kiy Llj/ gs the basis of our cidlculaticrs. According t¢ him, the
folloving formula gave ths total mmber of particles in a shower possessing

\ energy greater then E and moving in a dirsction of angleﬁ with the axie of . : -
the ghowver: . L \ A . )

B(LE, B) = Wit,e) - Bz, £,9)

where t was the depth of ths position cbserved, the parameter s was related
to the ensrgy By of the primery particle and tc the depth formula in the fol-
lowing manner: o .

. P - . ‘ ‘: ‘ . PR . ) ‘ '
{ s _LinBe o e .
Nis) s -3 S ‘

vhere A '(s) was a tabulated function ﬁ:i, 17/. When s = 1, then F(E, 6 , 8)
¥ hae the form e'z/z, where z = E (2/p and p 18 & known function of &,

The form of the functicn F{(E, 9 , 8) was known to depend only slightly

s ‘ upon & when 1 -<s8~<<2 and !f B ﬁ/p>/0r,74. Inasmuch @8 our calculations in-
cluded the eesentiel values of s in the above intevrval, we could assume that

Nt,E,B) = Nlt,e) - o %P fo
To pass from this anguler distribution of perticles to the distribution of
particlee according to their iistance from the axes of the shower, ve pro-
coeded from the physicel ldea that the particlea cf a given energy undergo

primary scattering with t cunsidered unity. This idea was based on the cas-
cade theory ﬁﬂ . ’

Hence, assuming that
R(t,B,R) = N(t,a) - o~ ““R/R

we found N(t,s) and ©< from the conditicna:

" SR!P(t E,R)dR = = R=ER1 wLere—P(th R>=§_NatE,E'E
SRPGER)AR \E/
HL(S) e,S +A 1(S)T

2)
SR RNGER)AR=NELE) =" Ve Xi(s)t

Bere N(t,E) is the total number of particles at depth t for energy Z E;
¥ = 1n(By/B); 7\1, ki’ H) are tabulated functions.

Siuple calculations leed to the following expression for the density
of particles of energies greater than E, at a distance R from the axis of the
shower:

t
o.iiz_Hi(s) eﬁ‘*)‘l@) e-o.qufL

pEER) =%x S VeANeE R

(% 10 in MoV and t is in radiation units). With this formuls the curve of four-
fold coincidences versus scattering could be computed by the usual method ﬁ§7

In Figure 4 the upper theoreticel curve was calculated on the assump-
tion that showers containing electrons of energy E ?,109 eV were registered
and the density of the latter was >.200m"2. As may be seen from the curve,
when there was iead In both teleecopes, then the coincidence frequency which
could be caused by high-energy electrons decreased very rapidly with distance.
Tn fact, this decrease in the theoretical curve should be eppreclably faster
1f iv i, borne in mind that, in accordance with the cescade theory, only electrons
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of energies mary Imee greater than 10Y eV could through .2 sentimeters of lead.

The fai'that there wers electrons of very high energy in Auger showers
which were capeule, by means of cascades, of creating showsrs of sufficient mag-
nitude under lead likewise could not explain the course observed for the curve

+Jh(D) for penstrating showers. The lower curve in Figure L was calculated for
cascads showers contalning electrons of energies E 310 O oV for. a density{’ib’
20m™2. If we took Into account that even electrons of energy 10 0 ¢V were cap+
able of creating ehowers composed of ten particles under 10 centimeters. of laaﬁQ
we should ses that in this case their number decreesed with increasing diistance
D much faster then the decrcese obeerved.  (Ip fact; electrons of still higher
energies vere needed for this purpose. )

Hence, the course of the curve could not be explained successfuily by
high-erergy electrons in Auger showers which were subject only to the laws of
ceecades end which underwent only multiple Rutherford ascattering.

Conclusions

1. Bxtensive penetrating atmospheric showers, exemined under 12 centime-
ters of lead, did not conelst of pemetrating particles passing through the lead
and sustaining in it only lonization losses. The particlee observed under the
lead absorber were generated, at least 1n part, by the lead.

2. There was a genetic connection betwsen penetrating showers and ordi-
nary Auger showers.

3. The penetrating showers observed could not be identified with showers
composed of high-energy electrons, If the cascade theory in its present form
correctly took into account the scattering of these electrous.

Lk, On the other hand, data obtalned for Auger showers did not contradict
the assumption that the basic particle pcrtion of these showers was of & cas-
cade nature.

5. To explain the results cbtained for penetrating showers, the follow-
ing seemed to be the most plausible possibiiity: when leed was used, coinci-
dences were dependent upon the slectrons or photons of ordinary Auger showers,
vhich directly or indirectly generated in cascade the particles observed un-
der the lead. Here, however, it was necessary to assume that, in addition to
multiple Rutherford scattering, high-energy electrone were subject to scatter-
ing of another nature or that ths relativistic formula for Rutherford scatter-
ing (Mott's formula) was inapplicable.

In conclueion, I take this opportunity tec thenk Professcr V. I. Veksler

for his guidance in the experimental part of this work and Doctor 8. Z. Belen'kly
for his discussion of many problems.
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; D(M) 0.5 2.0 i
/~min Pby Pby Pba Pb, Pbl PbL
35m-< 18 hx1.5 L.620.4 2,ut0.2 15.3%1.8 5.2%0.6 2, o+o
70 1.9%1.0 4.5%0.b4 2.,0%0.2 9.5%1.1 4,0t0.5 2.4 %0, lc
200 5 jto0.5 1.6%0.2| o0.8%0.2 4.5%0.7 | 1.5%0.3 | 0.9%0.2

Table 1. Frequency of Fourfold Coincidences per Hour
)] 9.0
Amin Pby by Pb2
35,-2 P, _—— == e ———
70 7.2%0.8 2,5%£0.6 1.3%0.3
200 3.54£0.9 1.0£0.3 0.k*0.2

Supplement to Table 1
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Figure 1. Schematic diegram of Equipment ’ e

A

. > ur A
’ )
1
. " |
N 1
B
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: Background in counters (puleee per minute)
' Figure 2. Frequency of Double Coincldences in Tele-
' [ 4 scope versus Background in Counters with
' 12 cantimeters of Lead Between Counter
- Groups
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Figux"e 3,

2

Ccincidence
frequency

an

797

70
Density of shower

Distribution of Atmospheric Showere Accord- '\..\
ing to Magnitude.

Dotted curves are measured without iead
and unbroken curves are messured with 12 cen-
timeters lead In both telescopes.
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Figure 4,

AN R
Distance between telescopes (in meters)

Frequency of Fourfold Coilncidencee Versus
Distence Between Axes of Telescopes for
Three Different Sensitivities.

Dotted curves are measurements without
lead (Pbg); unbroken curves, with lead in
both telescopes (Pbp). The lowest curves ere
theoretical curves; /©is the minimum density
of the recorded showers; E 1s the minimum
energy of ths shower particles under consid-
eration.
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